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Abstract
Massive multiple input multiple output (MIMO) is proposed to increase network capacity and reduce
power consumption in next generation of wireless networks. In this paper, power allocation in the
massive multiple input multiple output (MIMO) cellular networks is studied. Considering circuit power
consumption, energy efficiency is utilized to evaluate the network performance, since circuit power
consumption increases by increasing both the number of antenna in transmitter and the number of
network users. To optimize transmit power of the network, an energy efficient optimization problem is
considered under both maximum transmit power and quality of service (QoS) constraints. Where the
users cooperate with the base station (BS) to minimize network power usage. To solve the problem, an
energy efficient power allocation algorithm is proposed. Convergence of the proposed algorithm is shown
numerically, in addition, the appropriate number of transmit antenna and users are obtained. Finally, pilot
contamination effect is evaluated, where it is shown energy efficiency decreases dramatically.
Index Terms
Massive MIMO, power allocation, energy efficiency, cooperation, pilot contamination.
I. INTRODUCTION
Cellular network traffic is increased greatly todays, due to rapid growth of smart terminal usage and
high data rate requirements services [1]- [2]. In order to increase the spectral and energy efficiency up
to around ten times massive multiple input multiple output (MIMO) is proposed in the next generation
of wireless networks. Massive MIMO means using large number of transmit antenna (about one hundred
antenna) and can enhance spectral efficiency and reliability [3]- [4].
With a large number of transmit antenna, massive MIMO can focus energy at desired point and
increase spectral efficiency but circuit power consumption, which connected to the number of antenna,
also increased. To achieve maximum energy efficiency, unlimited number of transmit antenna is optimal
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2if circuit power consumption is not considered [5]. Hence to evaluate network energy efficiency, which
is throughput to power consumption ratio, circuit power consumption should be taken into account.
Energy efficient resource allocation is one of open problems in wireless system design, wich is
considered in [6]- [16]. In [6]- [8] authors try to maximize the energy efficiency but circuit power
consumption is ignored; Also in [9] authors assume a constant circuit power consumption.
From another point of view, QoS plays an important role in wireless system resource allocation; for
example, satisfying QoS constraint in addition to providing a roughly fair network leads a practical
network. No QoS constraint is considered in [8]- [13]. In [6] and [12]- [15], authors assume that the
number of transmit antenna is very greater than users, which is impractical assumption. In this paper,
we try to make this assumption practical, we consider any number of transmit antenna and users. In [16]
authors consider imperfect channel state information (CSI), but in system design, they utilize estimated
channel and real channel together; which appears they have a design error.
To obtain channel state information (CSI), The base stations (BSs) use time division duplexing (TDD)
protocol as shown in Fig. 1. As the protocol shows, users send a pilot sequence after their data to the
BS. The BS estimates the users’ channel using the received pilot and sends the channel data back to
users. Note that in spite of the pilots are sent in the same bandwidth, but they must be orthogonal to
data; hence this is not the perfect CSI. Due to resource limitation, it is not possible for all users in all
cells to have orthogonal pilots, therefore each pilot is reused by users of the neighbor cells, this creates
pilot contamination. Pilot contamination leads to imprecisely channel estimation which reduces system
performance [17]. Pilot contamination in [9] and [12]- [15] is not considered too.
In this paper, we investigate energy efficient power allocation in a cellular network with large number
of transmit antenna (massive MIMO), that users cooperate with their BS. We consider energy efficiency
as users’ utility where overall transmit power in a cell is limited. In addition, a minimum data rate should
be provided for each user. We utilize the fractional programming technique to solve the problem, since
the energy efficiency objective function is a fractional function. We assume cooperation between users
and their BS, and found a closed form for optimal transmit power of users. The algorithm of cooperative
energy efficient power allocation is given in Algorithm 1. We extend the problem to multi cell case under
pilot contamination. Finally, the convergence of the proposed algorithm is investigated by simulation. In
addition, we explore pilot contamination effect on energy efficiency.
The remainder of this paper is organized as follows. In Section II the system model is presented.
In Section III the energy efficient optimization problem is formulated. The solution for the problem is
presented in Section IV. In section V our scenario extended to multi cell case. Numerical results are
described in Section VI followed by conclusion in Section VII.
3Notation: Vectors and matrices are denoted by boldface small and big letters, respectively. The super-
script H stands for conjugate transpose. Euclidean norm with ‖.‖ is denoted and IK shows an Identity
K ×K matrix. N (0, σ2) denotes a Gaussian probability density function with zero mean and variance
σ2.
Fig. 1. TDD protocol to acquire CSI
II. SYSTEM MODEL
Consider a downlink single cell network including a BS equipped with M antennas and K single
antenna users which are distributed in the cell uniformly. Assume flat fading channels between BS and
users with perfect channel state information (CSI) and all users get service on a single frequency.
Channel vector between BS and user i is modeled by gi =
√
βi×hi ∈ CM×1 where hi shows fast fading
and βi is large scale fading that consists of path loss and shadow fading. Fast fading has a distribution
as CN (0, 1) and βi = ψ(d0di )v where ψ shows shadow fading with the distribution 10 log
ψ
10 ∼ N (0, σ2sh),
d0 is minimum distance from users to the BS, and di is distance from user i to the BS and v is the path
loss exponent.
The received signal by user i can be expressed as
yi =
K∑
k=1
√
pkgiwkxk + ni (1)
Where pk is transmit power of user k which is an element of transmit power vector p = [p1...pk...pK ],
xk is transmission symbol for user k with ‖xk‖2 = 1 which is assumed that transmission symbols are
uncorrelated among different users, ni is additive noise with CN (0, σ2) distribution and wl ∈ CM×1 is
beamforming vector for lth user, by maximum ratio transmission (MRT) beamforming we have
wk =
gHk
‖gk‖ (2)
The received signal by user i can be written as
yi =
√
pigiwixi +
K∑
k=1,k 6=i
√
pkgiwkxk + ni (3)
Equation (3) is the summation of three parts: desired signal, interference and noise. According to (3),
4SINR of user i can be expressed as following.
sinri(pi) =
pi‖giwi‖2∑K
k=1,k 6=i pk‖giwk‖2 + σ2
(4)
Where σ2 is noise power on the channel of user i. The instantaneous data rate for user i can be written
as following
ri(pi) = B log(1 + Γisinri(pi)) (5)
Where B is bandwidth and Γi is SINR gap between Shannon channel capacity and a practical modulation
and coding scheme. This SINR gap is equal to −23 ln(5ei) that ek is target bit error rate [18].
III. PROBLEM STATEMENT
A. Energy Efficiency
Power consumption in the network includes transmit power and power consumed in the circuits.
Circuit power consumption in BS has two parts: constant part P fix involved site cooling, transmitting
filter, converter and local oscillator; and variable part, P a, is the power to run an antenna. If circuit power
consumption of each user is displayed with P ue, the power consumption P can be defined as
P(p) =
K∑
k=1
pl + (M × P a) + P fix + (K × P ue) (6)
According to [19] and [20] the energy efficiency η in communication system calculated in bit/Joule and
is the ratio of total rate to power consumption which can be formulated as the following
η(p) =
∑K
k=1 rl(p)
P(p) (7)
B. Optimization Problem
According to above discussion, the goal of the network is to maximize the energy efficiency (7) under
maximum power and minimum data rate constraints, i.e. following problem
max
p
η(p)
s.t. C1 :
∑K
k=1 pk ≤ Pmax
C2 : rk(p) ≥ Rmin ∀k
(8)
Therefore, the network should allocate transmit power to each users such that maximize the energy
efficiency. In (8), constraint C1 is the power constraint where Pmax is total maximum transmit power,
and constraint C2 shows minimum data rate Rmin that must be provided for each user.
5IV. SOLVING THE PROBLEM
There are two main challenges in (8): the problem has fractional form and (7) is not concave. To solve
the problem (8), we transform the the objective function of (8) to a subtractive form by the following
Theorem [21].
Theorem 1. The maximum energy efficiency η∗ is achieved in (8) if and only if max
p
∑K
k=1 rk(p) −
η∗P(p) =∑Kk=1 rk(p∗)− η∗P(p∗) = 0 for ∑Kk=1 rk(p) ≥ 0 and P(p) > 0.
According to Theorem 1, the problem (8) is transformed to following problem.
max
p
∑K
k=1 rk(p)− ηP(p)
s.t. C1 :
∑K
k=1 pk ≤ Pmax
C2 : rk(p) ≥ Rmin ∀k
(9)
To solve (8), we solve (9) iteratively. We propose to solve problem (9) with a specific value of energy
efficiency η and obtain users transmit power pt1 for iteration t1; and then compute A =
∑K
k=1 rk(pt1)−
ηP(pt1). If A is zero, η is optimal energy efficiency and pt1 is optimal transmit power; otherwise energy
efficiency with pt1 is computed and then pt1 is used in (9) and solve the problem again until A goes to
zero.
To address non-concavity of the objective function of (8), we propose to relax the objective function
by the following lower bound [22].
log (1 + Γisinri(pi)) ≥ ai log (Γisinri(pi)) + bi (10)
Where ai and bi are auxiliary multiplicative and additive variables for user i. Equation (10) means utilizing
rˆi = ai log (Γisinri(pi))+bi instead of ri = log (1 + Γisinri(pi)) as the objective function. The variable
of problem p is changed to pˆ = ln p. Therefore we have the following problem.
max
pˆ
∑K
l=1 rˆl(pˆ)− ηP(pˆ)
s.t. C1 :
∑K
k=1 e
pˆk ≤ Pmax
C2 : rˆk(pˆ) ≥ Rmin ∀k
(11)
Since log-sum-exp is concave [23], The problem (11) is a convex optimization problem. In order to
solve (9), we solve (11) iteratively until transmit power converged; also ai and bi are updated in each
iteration by obtained transmit power from current iteration with following equation.
ai =
sinri(pˆi)
1 + sinri(pˆi)
(12a)
6bi = log(1 + sinri(pˆi))− ai log(sinri(pˆi)) (12b)
Since the problem (11) is a convex optimization problem, dual Lagrangian function is utilized to solve
that. Let λ and φ Lagrange multiplier corresponding to maximum transmit power and minimum data rate
constraint, the dual Lagrangian function of (11) can be written as following [23].
L(pˆ, λ, φ)
=
∑K
k=1 rˆk(pˆ)− ηP(pˆ)
−φ(∑Kk=1 epˆk − Pmax)
+
∑K
k=1 λl(R
min − rk)
(13)
Optimal transmit power can be obtained by the Karush Kuhn Tucker (KKT) conditions as following
for user i.
∂L(pˆ, λ, φ)
∂pi
= 0 (14)
According to (14), optimal transmit power for user i can be obtained as following.
epˆi = pi = [
(λi + 1)
Bai
ln2
B
ln2
∑K
k=1,k 6=i
(λk+1)ak(‖wigk‖2)
Ik
+ (η + φ)
]+ (15)
Where Ik is interference plus noise suffered by user k. In this paper cooperating of users with BS is
considered such as they measure interference Ik and feed back to BS. Ik can be calculated as
Ik =
K∑
u=1,u6=k
epˆu(‖wuhk‖
2) + σ2 (16)
By the subgradient method the Lagrange multipliers can be updated as following.
φ(t3 + 1) = [φ(t3) + γφ(
K∑
k=1
epˆk − Pmax)]+ (17)
λk(t3 + 1) = [λl(t3) + γλ(R
min − rk)]+ (18)
Where t3 is iteration index for Lagrange multipliers update also γφ and γλ are step size for φ and λ
respectively. Algorithm for cooperative energy efficient power allocation is presented in Algorithm 1.
V. EXTENSION TO MULTI CELL CASE
In this section, the single cell scenario in Section II is extended to multi cell case, where each cell
has K users and all users operate in a single frequency. Pilot contamination and estimate channel with
7least square (LS) method is considered in multi cell case as in [24]. As previous section optimal transmit
power for user m in cell j can be obtained as following
pjm = [
(λjm + 1)
Bαjm
ln 2
B
ln 2
∑L
l=1
∑K
k=1,k 6=m
zlk
Ilk
− (η + φj)
]+ (19)
Where zlk = ‖wjmgˆjlk‖2αlk(λlk + 1), gˆjlk shows estimated channel between user k in cell l and jth
BS, Ilk is interference plus noise that measured by users and send for corresponding BSs, αlk is SCA
multiplicative variable, λlk is Lagrange multiplier corresponding to minimum data rate constraint and
wlk is beamforming vector for user k in cell l, respectively. Also, L shows the number of cells, φj is the
Lagrange multiplier corresponds to maximum transmit power in cell j and η is network energy efficiency.
The method to solve the optimization problem is given in the appendix A.
Algorithm 1 Energy Efficient Cooperative Power Allocation
1: Initialize convergence tolerance  and initialize arbitrary η(t1) = 0, con = 0 and Dinkelbach algorithm
iteration index t1 = 1
2: repeat
3: initialize with a feasible pˆt2 , Set al(t2) = 1,
4: bl(t2) = 0 and SCA iteration index t2 = 1
5: repeat
6: initialize arbitrary λl(t3), φ(t3), γλ, γφ and Lagrangian multipliers iteration index t3 = 1
7: repeat
8: Compute Il by user and feed back to BS
9: Compute the optimal power transmit pˆt2+1 according to (15)
10: Update φ and λl according to (17) and (18)
11: t3 = t3 + 1
12: until Convergence of λl and φ
13: Compute sinrl(pˆt2+1) and update al(t2 + 1) and bl(t2 + 1)
14: t2 = t2 + 1
15: until convergence of pˆ
16: if
∑K
l=1 rˆl(Pˆ(t2 + 1))− η(t1)P(pˆt2+1) ≤  then
17: Set con = 1
18: Return η(t1) as optimal energy efficiency and pˆ
19: as optimal transmit power
20: else
21: Set con = 0
22: t1 = t1 + 1
23: Return η(t1 + 1) =
∑K
l=1 rl(pˆt2 )
P(pˆt2 )
24: until con = 1
8TABLE I
SIMULATION PARAMETERS
Parameter Description Value
σ2 Noise power -174dBm
σ2sh Shadow fading variance 8dB
Pmax Total maximum transmit power 1W
P a Power consumption per antenna 1W
P ue Power consumption per antenna 0.1W
P fix Fixed power consumption in BS 20W
Rmin Minimum requirement rate for users 14Kbps
B Bandwidth 10KHz
ek Target bit error rate 10e-3
- Cell radius 500m
d0 Minimum distance 50
α Path loss exponent 3
VI. ANALYSIS AND SIMULATION RESULTS
In this section, we evaluate cooperative energy efficient power allocation in algorithm 1. Simulation
parameters are given in Table I. First, the convergence of the Algorithm 1 is shown. Fig. 2 shows the
convergence of algorithm 1 when number of antennas M = 100 and number of users K = 5, as it can
be seen, the algorithm converges in three iterations.
In fig. 3 energy efficiency versus number of transmit antenna M is shown for K = 5; which is a
concave curve. When the number of transmit antennas increase, the performance of beamforming gets
better; therefor SINR and data rate grow. On the other hand, circuit power consumption increased when
M increased. In figure 2, first, increasing of data rate overcome circuit power consumption but increasing
number of antenna leads circuit power consumption overcome data rate increases.
To consider the effect the number of users, energy efficiency in terms of the number of users is depicted
in fig. 4. It can be seen that firstly, energy efficiency increased but by increasing the number of users near
to number of antenna energy efficiency start decreasing. this is due to inter user interference increasing.
Fig. 5 shows average transmit power for one user versus M . It shows that transmit power decreases
by increasing the number of transmit antennas which is expected.
Fig. 6 shows energy efficiency in multi cell versus transmit antenna. Transmit power is obtained by
Algorithm 1 when the estimated channel is in access, by utilizing designed transmit power, a bit with
BPSK modulation in a real channel is transmitted. Energy efficiency for any number of transmit antenna
in receiver is computed, this process is implemented 10000 times for any number of antenna whenever
the channel changes, and the average of energy efficiency over 10000 is plotted. Energy efficiency in
9Fig. 2. Convergence of the proposed algorithm for energy efficiency at M = 100
Fig. 3. Energy efficiency versus number of transmit antenna for K = 5
multi cell related to single cell, due to pilot contamination and inter cell interference, decreased to about
0.75 of single cell. In channel estimation with pilot training, estimated channel is summation of desired
user channel and the other users with same pilot sequence in neighbor cells, so MRT beam-forming ,
which uses channel vector directly, in addition to focus on desire user, also focus an amount of power to
all users with the same pilot. By increasing number of transmit antenna interference on users with same
pilot in the other cells gets higher. Therefore, in large number of transmit antenna when we use MRT
beam-forming, inter-cell interference increases and the energy efficiency is placed in less than 0.75 of
10
Fig. 4. Energy efficiency versus number of users for M = 82
Fig. 5. Average transmit power per one user over number of transmit antenna
single cell.
VII. CONCLUSION
In this paper, a cooperative energy efficient power allocation algorithm for downlink massive MIMO
system is proposed. Based on cooperation between users and BS, a closed form for optimal transmit power
is found and an algorithm is proposed. Simulation results show convergence of the proposed algorithm.
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Fig. 6. Energy efficiency versus number of transmit antenna for perfect and imperfect CSI
The simulations show that there is an optimal number of antenna and optima number of users in each
cell due to circuit power consumption and inter user interference. In addition, the simulations shown that
the more number of transmit antenna the less transmit power. Finally the scenario is extended to multi
cell case, in which pilot contamination is considered. The network total energy efficiency decreases in
comparison to single cell case. Also, results show that considering pilot contamination for large number
of transmit antenna with MRT beamforming increases inter cell interference.
APPENDIX A
TRANSMIT POWER FOR MULTI CELL CASE
Each user sends a pilot with power pu to its corresponding BS. The received signal at jth BS from
users, Yj , can be written as follows.
Yj =
L∑
l=1
√
puGjlΦ
H
l + Zj (20)
where Yj is a M×τ matrix, Gjl = [gjl1 ...gjlK ] is a M×K matrix which shows channel gains between
users in cell l and jth BS, Φl = [φjl ... φlK ] is K × τ pilot matrix of users in cell l that Φl ×ΦHl = IK
12
and Φl1 ×Φl2 6= 0 ∀ l1 6= l2 due to pilot reuse. By utilizing LS estimation method gˆjlk can be obtained
as following
gˆjlk =
1√
pu
Yjφlk (21)
Received signal to interference plus noise ratio (SINR) of user m in cell j can be obtained as following.
sinrjm =
pjm‖gˆjjmwjm‖2∑L
l=1
∑K
k=1, 6=m plk‖gˆljmwlk‖2 + σ2
(22)
Therefore the transmission rate for the same user can be formulated as follows.
rjm = B log2(1 + Γsinrjm) (23)
Finally, the energy efficiency of the network can be expressed as
η =
∑L
l=1
∑K
k=1 rlk∑L
l=1
∑K
k=1 plk +
∑L
l=1 P
c
l
=
A(P)
B(P)
(24)
where P cl is circuit power consumption in cell l and P is L × K transmit power matrix, the energy
efficiency maximization problem can be expressed as
max
P
η = A(P)B(P)
s.t. C1 :
∑K
k=1 plk ≤ Pmax ∀ l
C2 : rlk ≥ Rmin
(25)
Using Dinkelbach and SCA algorithms the problem (25) can be written
max
Pˆ
A(Pˆ)− ηB(Pˆ)
s.t. C1 :
∑K
k=1 e
pˆlk ≤ Pmax ∀ l
C2 : rlk ≥ Rmin
(26)
The problem (26) is a convex optimization problem and utilizing Lagrange method, transmit power and
Lagrange multipliers are updated as follows
pjm = [
(λjm + 1)
Bαjm
ln 2
B
ln 2
∑L
l=1
∑K
k=1,k 6=m
zlk
Ilk
− (η + φj)
]+ (27)
λlk(t3 + 1) = (λlk(t3)− γλ(rminlk −Rmin))+ (28)
φl(t3 + 1) = (φl(t3)− γφ(Pmax −
K∑
k=1
plk))
+ (29)
where γλ and γφ are step size and t3 is Lagrange iteration index.
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